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elasticity | buckling | nanocomposite | thin film | nanoindentation N anocrystal superlattices are ordered arrays of ligand-stabilized colloidal nanocrystals with unique thermal (1, 2), optical (3, 4) , and electronic (5, 6) properties due to the nanoscale dimensions and periodic spacing of the inorganic crystals. Nanocrystal superlattices also exhibit superior mechanical performance: superlattice elastic modulus has been shown to rival that of lightweight structural composites (>10 GPa), and superlattice membranes are capable of withstanding repeated indents to large displacements (7) (8) (9) . This is all the more remarkable because mechanical cohesion in the superlattices is attributed to van der Waals interactions between ligands on neighboring nanocrystals (10, 11) , which are weak enough that the ligands are liquid at room temperature when not attached to nanocrystals. Superlattice strength and stiffness can be further elevated to values that are unprecedented for polymer nanocomposites by cross-linking the organic ligands that coat the nanocrystals (12) . The unusual combination of physical properties in nanocrystal superlattices presents intriguing opportunities to use these materials as mechanically actuated optoelectronic sensors (13, 14) , lightweight solar sails (15) , and ultrathin barriers and coatings (16, 17) , but warrants the development of a thorough understanding of the mechanical behavior of nanocrystal superlattices. In particular, the roles of nanocrystal packing geometry, ligand structural conformation, and ligand-ligand and ligand-nanocrystal interactions must be clarified to design multifunctional, self-assembled polymer nanocomposites with improved mechanical properties.
Recent advances in the synthesis of exceedingly monodisperse polymer-grafted nanocrystals have enabled the fabrication of one-component and binary nanocrystal superlattices with wellcontrolled long-range order (18) . The nanocrystals used in these superlattices are grafted to short strands of polymer (∼10-200 monomers), and combine the structural versatility of polymers with the architectural control of superlattices. This class of superlattices provides an ideal framework for developing a mechanistic understanding of the novel mechanical properties of nanocrystal superlattices because superlattice structure, dimensions, and ligand length can be varied across a wide range of conditions and the effect of each of these parameters can be independently evaluated. In comparison, previous work showed that the elastic modulus, ductility, and hardness of nanocrystal arrays are influenced by ligand and nanocrystal type, and nanocrystal packing, but the alkyl ligands in these studies differed in length only by a few carboncarbon bonds, and structural variations were not quantified (7, 9, (19) (20) (21) . Polymer-grafted nanocrystal superlattices also differ from composites made from nanoparticles grafted to polymers with lengths of tens to thousands of monomers, because these composites usually contain aggregates or randomly dispersed nanoparticles instead of precisely ordered, periodic microstructures (22) (23) (24) (25) (26) (27) . In addition, chain entanglement plays a role in typical conventional polymer nanocomposites, but does not exist in nanocrystal superlattices containing short polymers. Here, we use thin-film buckling and nanoindentation to probe the elastic and plastic deformation of nanocrystal superlattices formed from Au nanocrystals grafted to short strands of polystyrene. The effect and interplay of superlattice structural disorder, sample dimensionality, nanocrystal spacing, and ligand length are revealed in this work.
Significance
Polymer nanocomposites containing nanoparticle fillers often have enhanced strength, stiffness, and toughness that are highly dependent on nanoparticle spatial distribution, which can be challenging to control in the limit of high nanoparticle loading. Solid superlattices formed from close-packed, ligand-coated inorganic nanocrystals can have high stiffness and large elastic recovery, although nanocrystals interact solely through van der Waals forces. We use polymer-grafted nanocrystals to make superlattices with versatile structural architecture and dimensions to investigate the effects of structural defects, film thickness, and polymer length on mechanical behavior. We find that the elastic response of the superlattice is large even when the arrangement of nanocrystals within the superlattice is perturbed, and that polymer conformation plays a large role in determining mechanical properties.
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Results and Discussion Synthesis and Structural Characterization. Polystyrene-grafted Au (PS-Au) nanocrystals were synthesized following a previously published procedure (18) . Thiol-terminated atactic polystyrene was introduced postsynthetically to replace the native oleylamine ligands on as-synthesized Au nanocrystals. PS-Au nanocrystals were self-assembled on a liquid interface to form superlattice thin films. A suspension of spherical PS-Au nanocrystals in toluene was drop-cast onto ethylene glycol contained in a Teflon trough. As the toluene evaporated, the nanocrystals coalesced to form thin films with millimeter to centimeter lateral dimensions, and thicknesses of a single monolayer to hundreds of nanometers. Films were self-assembled under four different drying rates: (i) over a period of ∼5 h by tightly sealing the Teflon well with glass slides (referred to hereafter as RT-covered); (ii) over ∼4 min by leaving the Teflon well open to air (RT-uncovered); (iii) over ∼2 min by depositing the Au-PS nanocrystals on ethylene glycol (EG) heated to 43°C in a water bath (43°C-uncovered); and (iv) in less than 1 min by depositing the Au-PS nanocrystals on EG heated to 58°C (58°C-uncovered). Superlattice periodicity was tuned by varying polystyrene molecular weight from 1.1 to 20 kg/mol while maintaining Au nanocrystal diameter (d) to be 5.2 ± 0.4 nm. Nanocrystal center-to-center distances (D) ranged from 8.6 ± 1.0 nm to 16.7 ± 2.1 nm, which corresponds to Au volume fractions of 20-3%, respectively (Table S1 ).
The structural conformation of the polystyrene grafted to the Au nanocrystals can be discussed in the context of polymer brushes, which are polymers that are connected to an interface at one end (28) (29) (30) (31) . Polymer brushes on curved surfaces can be classified as concentrated (almost full extension of polymer chains), semidilute (somewhat extended), or dilute (mushroom-like coils) polymer brushes depending on the radius of curvature of the surface, distance from the surface, polymer grafting density, and polymer chain length. The polymer brush regime can be determined by examining the scaling behavior of brush height, h, versus the degree of polymerization, N (32, 33). Brush height in solid films of polymer-grafted nanoparticles has been shown to scale as h ∼ N 0.8 in the concentrated polymer brush regime, and h ∼ N 0.5 in the semidilute polymer brush regime (24) . Polymer brush height in the PS-Au superlattices was found to scale as h ∼ N 0.5 ( Fig. S1 ). This indicates that the polystyrene in the superlattices has the conformation of a semidilute polymer brush, suggesting that there is enough free volume in the polystyrene layer for other polymers to interdigitate with the grafted polystyrene. The interaction of the PS-Au nanocrystals is intermediate to that of hard spheres (as for fully dense polymer brushes with no interdigitation) and entangled polymers surrounding an inorganic core (as would be the case for longer polystyrene or lower grafting density). The polystyrene used in the PS-Au superlattices is too short for chain entanglement (34) , so mechanical cohesion between these polymer-grafted nanocrystals is likely to arise through van der Waals forces (10, 11) and physically interlocked segments between interdigitated polymer strands. Thermogravimetric analysis (TGA) was performed on PS-Au nanocrystals to obtain the mass fraction of organic material in the superlattices. TGA revealed the presence of a significant amount of unbound polystyrene and oleylamine left over from nanocrystal synthesis (Fig. S2 ). This indicates that free polystyrene and oleylamine are codeposited with PS-Au nanocrystals during self-assembly, and are likely to act as homopolymers in interactions with polymer-grafted nanocrystals (25) .
Freestanding membranes with lateral dimensions of up to ∼1.5 × 4.3 μm 2 and single nanocrystal thickness were formed by transferring the superlattice thin film from the liquid interface to a holey carbon transmission electron microscopy (TEM) grid (Fig. 1A) . Cracks that likely formed during the transfer of the superlattice to the TEM grid consist of fracture along close-packed planes of nanocrystals and matching fracture surfaces (Fig. 1B) . The appearance of these cracks is indicative of brittle fracture, and suggests the lack of significant plastic deformation before failure. Atomic force microscopy (AFM) was used to characterize superlattice film thickness (t) ( Fig. 1 C and D) . The thickness of a single monolayer was measured by suspending a superlattice film on a SiN membrane TEM grid, identifying and mapping monolayer regions in TEM, and then performing AFM on the edge of these monolayer regions. The film thickness was taken to be the difference between the height of the underlying substrate and the monolayer film (see Table S1 for monolayer thicknesses). The average thickness of monolayer films was found to be 80-92% of the average nanocrystal center-to-center distance, which indicates that polystyrene strands are slightly collapsed in the out-of-plane direction relative to their arrangement in the in-plane direction of the film. We believe that this asymmetry results from the unfavorable interaction of hydrophobic polystyrene with air and/or EG interfaces during superlattice self-assembly, similar to the case of the ligand shell asymmetry recently demonstrated in self-assembled superlattices formed from dodecanethiol-capped Au nanocrystals (35) .
Mechanical Behavior. The elastic behavior of PS-Au superlattice thin films was evaluated through a buckling-based method that has previously been validated for ultrathin polystyrene films (36, 37) . Au-PS thin films were placed on polydimethylsiloxane (PDMS) blocks, which were compressed in a tensile tester mounted on an optical microscope. Elastic buckling occurred in the thin film at small strains (<10%) due to the elastic mismatch between the compliant PDMS and stiffer thin film (Fig. 2) . The buckling wavelength, λ, was captured using optical microscopy and is related to the material properties and geometry of the thin film and substrate by
where E f and υ f are elastic modulus and Poisson ratio of the thin film, E s and υ s are elastic modulus and Poisson ratio of the PDMS substrate, and t is film thickness. Eq. 1 derives the structural configuration that minimized the energy of a semiinfinite substrate, E s λ 3 =ð1 − υ s 2 Þ, and the thin film, E f t 3 =ð1 − υ f 2 Þ, in the limits of small strain, and large E f =E s . Eq. 1 can be rearranged to obtain E f , and the thin-film bending modulus, B = E f t 3 =ð12ð1 − υ f 2 ÞÞ, which represents the work required to bend a thin film. Eq. 1 applies to elastically homogeneous materials, which is an assumption that does not apply to superlattices when their film thickness is comparable to nanocrystal size. After performing the buckling measurement, the film was unloaded and the film thickness was measured at each buckled region using AFM. These buckled regions returned to a flat geometry after the sample was unloaded, which confirms the elastic, reversible nature of the buckles. The elastically buckled regions are several micrometers to tens of micrometers wide. Crystalline grains within the superlattice film typically extend across no more than hundreds of nanometers (although an occasional, micrometer-scale grain may be found), therefore each buckling measurement samples several grains of differing orientation, and the measured properties correspond to polycrystalline values. Variations in the number of superlattice grains and the distribution of superlattice grain orientations that are sampled in a given buckling measurement are likely to contribute to scatter in the measured mechanical properties. The Poisson ratio, v, of the superlattice was calculated as the average of the values predicted by the Voigt (parallel) and Reuss (series) composite models, and ranged from 0.36 to 0.34 for 1.1-20 kg/mol PS-Au superlattices (38) . The bending and elastic moduli of the nanocrystal superlattices were investigated as a function of superlattice structural order. Three-kg/mol PS-Au superlattices were prepared under four different drying rates. A slower drying rate led to superlattices with large regions of hexagonal, close-packed nanocrystals and few defects, whereas faster drying rates led to superlattices with more grain boundaries, disclinations, vacancies, interstitials, and regions of nonuniform lattice spacing (Fig. 3 A-D) . Superlattice structural order was characterized by determining the distribution of interparticle spacings from TEM images of the superlattices (Fig. 3  E-H) . The interparticle spacing for the slowest drying, most highly ordered 3-kg/mol PS-Au superlattice (prepared at RT-covered) was 11.1 ± 0.7 nm, and increased to 11.8 ± 1.0 nm, 11.6 ± 1.2 nm, and 11.1 ± 1.6 nm for RT-uncovered, 43°C-uncovered, and 58°C-uncovered, respectively. The distribution of interparticle distance broadened monotonically with increased drying rate, from an SD of 6% of the average interparticle spacing in the slowest-drying films to 14% in the fastest-drying films, mostly due to the increase in the number of larger than average interparticle spacings. The density of point defects also increased monotonically from 2 point defects per 1,000 PS-Au nanocrystals for RT-covered superlattices, to 6, 11, and 28 point defects per 1,000 PS-Au nanocrystals for superlattices prepared at RT-uncovered, 43°C-uncovered, and 58°C-uncovered, respectively.
The bending modulus for 3-kg/mol PS-Au superlattices is plotted versus film thickness in Fig. 3I , and is also compared with the calculated bending modulus of bulk Au and bulk 3-kg/mol polystyrene with a thin-film geometry identical to that of the superlattices. Measured thicknesses did not always follow discrete values that correspond to superlattice layer thicknesses as shown in Fig. 1D . We believe that these intermediate thicknesses are due to the presence of small islands or holes in the superlattice that are below the resolution of the optical microscope used during the buckling measurements. These islands and holes have been observed in TEM and AFM over small scan areas (Fig. S3) . Thus, the measured thickness for these uneven films is the average thickness of small patches of different superlattice layers. The nonuniform deposition of unbound polystyrene and oleylamine present in solution may add to the variations in measured thicknesses. This possibility is supported by our observation that superlattice films that have been identified as a single monolayer of nanocrystals using TEM were found to vary in thickness by ±2 nm in different regions. The bending modulus obtained from the buckling measurements shows a great deal of scatter, especially at larger thicknesses. We believe that this is due to increased variation in superlattice microstructure at larger thicknesses, such as variations in orientation between superlattice layers.
The superlattice bending modulus mostly fell between the bending modulus of bulk Au and bulk polystyrene, although a few data points fall below the bending modulus of bulk polystyrene. The bending modulus generally increases with increasing film thickness, although the bending modulus appears to plateau at thicknesses lower than 14 nm. Although intriguing, further investigation must be undertaken before strong conclusions can be made about the elastic properties of the superlattices at ultralow thicknesses, especially considering the uncertainty in the thickness measurement and the strong dependence of elastic modulus on thickness (E ∼ 1/t 3 ). We speculate that the increase in bending modulus at low thicknesses may be due to the ligand shell asymmetry identified in superlattice monolayers using TEM and AFM. The contraction in ligand shell thickness in the out-of-plane direction relative to the in-plane dimensions in superlattice monolayers indicates that the polystyrene must be at a higher density at the surfaces of the superlattice, which may result in a higher stiffness. Indirect evidence for the high bending modulus in superlattice monolayers is provided by TEM images of superlattices that happened to be deposited in a cantilever-like geometry (supported along one edge only) on holey TEM grids (Fig. S4) . These cantileverlike films appear to be stable under the electron beam and their own weight, unlike dodecanethiol-Au superlattice freestanding membranes (35) . AFM membrane deflection experiments were also performed on superlattice monolayers suspended on holey SiN TEM grids. We found that repeated indents (up to 24) to large displacements did not damage the superlattice (Fig. S5) .
Alternatively, the increase in bending modulus at low thicknesses may be due to increased bending stiffness as the sample thickness approaches intrinsic microstructural length scales. This size effect has been observed in dodecanethiol-Au superlattice films (39) and microfabricated cantilevers (40) , and can be captured using advanced continuum elasticity theories that consider nonlocal stress-strain behavior (41, 42) . The magnitude of this size effect can be evaluated by comparing the measured bending modulus and the bending modulus that is predicted using the elastic modulus of the bulk material (Fig. S6) . Through this analysis, we find that the critical material length scale for the emergence of the bending size effect is about the thickness of a superlattice monolayer. These calculations indicate that increased bending modulus in superlattices with 1-3-layer thickness could be due to the breakdown of standard elasticity at the nanoscale.
Although standard elasticity does not strictly apply to few-layered superlattice films because of their heterogeneous microstructure, bending modulus was converted to elastic modulus using Eq. 1 for purposes of comparison between superlattices with different dimensions and structure. In this situation, elastic modulus represents the bending modulus normalized by the critical sample length scale rather than an intrinsic material parameter. The elastic modulus of 3-kg/mol PS-Au superlattices that correspond to two-(15-18.5 nm) and three-layer thicknesses (22.7-26.7 nm) are shown in Fig. 3J . The elastic modulus of two-layered superlattices increased from ∼9 GPa in RT-covered and RT-uncovered samples, to 11.6 ± 4.1 GPa for the 58°C-uncovered sample. The elastic modulus of superlattices with three-layer thickness decreased to 7.1 ± 4.1 GPa for the RTcovered sample, and 6.1 ± 4.4 GPa in the 58°C-uncovered sample, but increased to 14.6 ± 9.2 GPa in the RT-uncovered sample. Surprisingly, the 43°C-uncovered sample with three-layer thickness had the highest elastic modulus of 19.5 ± 6.5 GPa. These results indicate that increased superlattice disorder does not have a detrimental effect on elastic modulus, and could actually lead to an increase in elastic modulus up to a certain degree of disorder. A small increase in elastic modulus with increased lattice disorder was also observed in RT-covered and RT-uncovered 5-kg/mol PS-Au superlattices (Fig. 4E) . This relationship between elastic modulus and structural order is intriguing because metallic and inorganic crystalline solids tend to have similar or slightly higher elastic moduli than their glassy counterparts (43) (44) (45) . We believe that the high elastic modulus in the 43°C-uncovered, 3-kg/mol PS-Au superlattice could be because the grafted polystyrene and unbound polystyrene/oleylamine incorporated into the superlattice are frozen in nonequilibrium conformations during rapid drying. In this sense, the high elastic modulus can be attributed to compressive residual stress that resists further compression during the buckling measurement. To test this theory, the 43°C-uncovered, 3-kg/mol PS-Au superlattice was thermally annealed above its glass transition temperature without disrupting the arrangement of Au nanocrystals within the superlattice (Fig. S7) . The bending and elastic modulus of the annealed superlattice decreased dramatically (elastic modulus decreased to ∼1 GPa), which supports the idea that residual stress can lead to elevated moduli in fast-drying superlattices (Fig. S8) . The glass transition temperature (T g ) of the 3-kg/mol PS-Au superlattice is estimated to be ∼86°C, based on the T g of bulk 3-kg/ mol polystyrene and the T g enhancement that has been observed in densely grafted polymer brushes (37, 46) . Thus, residual stresses in the 3-kg/mol PS-Au superlattice are kinetically trapped on experimental time scales at room temperature. The enhancement in modulus due to residual stress appears to compensate for any reduction in modulus due to decreased local density of nanocrystals and decreased nearest-neighbor interactions between nanocrystals in disordered superlattices. We postulate that the high elastic modulus previously reported in freestanding self-assembled nanocrystal superlattices formed with short organic linkers like dodecanethiol and DNA may be influenced by their fast drying conditions (7) (8) (9) . In contrast, studies on polystyrene or poly (methylmethacrylate)-grafted nanoparticle arrays do not show higher elastic moduli in disordered arrays because the nanoparticle composites are annealed and reach equilibrium configurations (24) . Bending size effects due to the heterogeneous superlattice microstructure may also contribute to the elevated elastic modulus in fast-drying superlattices with 2-3-layer thickness.
The molecular weight of polystyrene was varied from 1.1 to 20 kg/mol, which resulted in superlattice elastic moduli of 6.1 ± 3.9 GPa to 11.6 ± 4.1 GPa for two-layered superlattices (Fig. 4) . The elastic moduli measured here are comparable to the values for nanocrystal arrays containing short, alkyl ligands measured through AFM membrane deflection (7) (8) (9) and nanoindentation (19) (20) (21) , and are higher than the modulus of polystyrene-grafted silica nanoparticle films with similar polymer molecular weight and concentrated polymer brushes (24) . The Halpin-Tsai model was used to separate the contribution of the polymeric and inorganic components to the superlattice elastic modulus in superlattices prepared at RT-covered (38, 47) . The Halpin-Tsai model predicts the elastic properties of composites by interpolating between upper and lower bounds for the elasticity of a matrix containing a particle or fiber obtained using self-consistent-field theory. The degree of reinforcement from the filler material is determined based on filler geometry and volume fraction. Using this model, the superlattice was taken to be a homogeneous, single-component polymeric matrix embedded with spherical Au nanocrystals. Superlattice elastic modulus, Au elastic modulus, and Au volume fraction were used to calculate the modulus of the matrix material, which was found to be 2.9 ± 1.8 GPa to 5.4 ± 2.4 GPa (Fig. 4F) . This value is a factor of 1.4-2× higher than the elastic modulus of bulk polystyrene of the equivalent molecular weight.
Nanoindentation was performed on superlattice films with different polystyrene molecular weights. Films were prepared at RTcovered to make superlattice films with long-range order with thicknesses of 1-3 μm. Partial unloading tests were used to obtain elastic modulus and hardness at different depths into the film (Fig.  S9) . A Berkovich tip was used to indent the films at a strain rate of 0.02-0.04 s −1 to a maximum load of 5 mN. Cracks formed at the tips of the indentations made in the films, which provides further proof of the brittle nature of the superlattice films (Fig. 5A) . Cracking is likely to have occurred at shallow depths during partial unloading tests, because cracks were also observed to form at indentations from quasi-static tests to depths of ∼200 nm. Substrate effects led to an increase in elastic modulus after indentation to more than ∼20% of film thickness, and an increase in hardness after indentation to 40% or more of film thickness (48) . A significant indentation size effect was observed at shallow depths in the hardness measurement. Modulus and hardness were taken from depths at which indentation size effects, and substrate effects are minimal. Nanoindentation elastic modulus was lowest for the 20-kg/mol PS-Au film, and increased for 3-kg/mol and 5-kg/mol PS-Au films (Fig. 5B) , which is similar to the trend in modulus obtained from the buckling measurements. Elastic modulus could not be accurately probed for the 1.1-kg/mol PS-Au film because of its limited thickness (∼1 μm). Hardness ranged from 116 ± 51 MPa to 171 ± 86 MPa, and increased with decreasing polystyrene molecular weight, which corresponds to increasing Au volume fraction (Fig. 5C ). The elastic modulus measured using nanoindentation may be lower than the modulus measured using the buckling method because structural differences at surfaces of the superlattice may lead to higher modulus in films consisting of a few layers of nanocrystals. In addition, the formation of microscopic cracks near the tips of the indentation should lead to reductions in the measured modulus and hardness. Viscoelastic relaxation of the superlattice during unloading may also lead to a slight reduction in the measured elastic modulus. Slightly higher modulus and hardness were measured in the PS-Au superlattice films using nanoindentation, compared with polystyrene-grafted silica nanoparticle films with similar polystyrene molecular weight (24) .
In summary, the elastic and plastic deformation of polystyrene grafted-Au nanocrystal superlattice thin films was investigated using elastic thin film buckling and nanoindentation. Superlattice bending modulus was determined for superlattices with thicknesses corresponding to 1-3 nanocrystal layers, and elastic modulus was extracted from bending modulus for multilayer films. Elastic modulus ranged from 6.1 ± 3.9 GPa to 19.5 ± 6.5 GPa for polystyrene molecular weight of 1.1-20 kg/mol, and varied with the degree of superlattice structural disorder. The highest elastic modulus corresponds to a fairly disordered superlattice made with 3-kg/mol PS and self-assembled at 43°C-uncovered, which indicates that increased structural disorder may actually correlate with increased superlattice elastic modulus. The hardness of superlattice films with different polystyrene molecular weights varied from 116 ± 51 MPa to 171 ± 86 MPa.
The mechanical behavior described here demonstrates a path forward for the fabrication of ultrathin films with high strength and stiffness using the self-assembly of colloidal nanocrystals. Our work indicates that the elastic modulus in nanocrystal superlattices can be made to rival the modulus of polymeric nanocomposites manufactured through complex and energyintensive processes by reducing superlattice thickness, inducing an optimal degree of structural disorder, and judiciously choosing the polymer molecular weight. The ability to design mechanically robust superlattices would be improved by the development of advanced theories of polymer brushes, which are able to relate structural deformation to polymer brush conformation, and can predict structural evolution within polymer and ligand brush during highly nonequilibrium processes such as nanocrystal selfassembly. Our understanding of nanocrystal superlattice mechanical behavior would also be enriched by obtaining a full, tensile stress-strain curve for this material, to understand properties such as strength and fracture toughness, and by studying the time dependence of superlattice mechanical properties. To accomplish these goals, it is desirable to fabricate selfassembled nanocrystal arrays with bulk length scales, which remains a challenge in the field (8, 12, 49) . Nevertheless, selfassembled nanocrystal superlattices are a rich model system for understanding mechanical behavior in materials under nanoscale confinement, and the properties of polymer nanocomposites.
Methods
A detailed description of experimental methods is included in SI Methods. PS-Au nanocrystals were self-assembled into superlattices through controlled drying on an EG interface. Buckling measurements were performed using a load frame (Psylotech) mounted on a confocal microscope (Witec). Nanoindentation was conducted with a Hysitron TI-950 Triboindenter in load-controlled mode.
